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The responses of rat neocortical neurons in vitro to iontophoretically appl ed N-methyI-D-aspartatc 
(NMDA) were investigated by means of i tracellular recording in the presence and absence ofextracellular 
magnesium ions (Mg~'+). At Mg ~' + -concentrations f 1.3 mM the neurons responded with a depolarization 
accompanied by an increase in membrane resistance. Upo  removal of Mg 2+ the NMDA-induced depo- 
larization was markedly potentiated. However, even in neurons recorded f om slices which were incubated 
in a Mg e'-free solution for 3 7 h, the NMDA response was still associated with a resistance increase, 
suggesting that the voltage-dependence of the NMDA-activated conductance is not exclusively determined 
by Mg ~ +. 
The depolarizing action of the excitatory amino acid N-methyl-D-aspartate 
(NMDA)  on neurons of the mammal ian central nervous system (CNS), including 
neocortical neurons, is associated with an apparent membrane resistance increase [1 
6, 9, 10, 13, 14]. This conductance decrease was explained by the voltage-dependent 
activation of a cation (Na +, Ca2+)-selective channel [7, 9] coupled to the NMDA-  
receptor. Because upon removal of extracellular magnesium ions (Mg 2+) the 
NMDA-act ivated conductance (gNMDA) became independent of the membrane 
potential, it was suggested that the voltage dependence of gNMDA is produced by 
Mg 2+, which, at physiological concentrations, reduces or blocks gNMDA at membrane 
potentials larger than -40  to -50  mV [9-11]. In contrast, it has been proposed that 
NMDA either activates a voltage-dependent Ca-conductance (ref. 2, but see ref. 4) 
or a TTX-resistant, voltage-dependent Na-conductance [3, 8]. Previous intracellular 
investigations of the actions of NMDA on rat neocortical neurons in vitro suggested 
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that NMDA excites these neurons by activating a Mg 2 ~ -sensitive, voltage-dependent 
conductance [13, 14]. Consequently, following the removal ofextracellular Mg 2 i , the 
NMDA-induced depolarization should be associated with a membrane resistance de- 
crease (see ref. 1). However, the present study, concerned with rat neocortical neu- 
rons in vitro, shows that NMDA induces membrane potential depolarizations 
accompanied by a resistance increase even i neurons recorded from slices which 
were kept in a Mg 2+ -free solution tbr 3 7 h. 
Slices (500 ~m) were prepared from the frontal cortex of Sprague--Dawley rats 
(120.-160 g), transferred to the recording chamber, and maintained at the interface 
between warm humidified carbogen (95% 02/5% COj  and artificial cerebrospinal 
fluid (ACSF) at 36-37'C. The ACSF consisted of (in mM): NaCI 124.25, KCI 3.5, 
NaH2PO4 1.25, CaCI2 2.5, MgS04 1.3, NaHCO3 26, and glucose 10 (gassed continu- 
ously with carbogen; final pH 7.4). Intracellular recordings were obtained from 
superficially located cortical neurons by means of microelectrodes filled with 4 M 
potassium acetate (pH 7.2). Potential recordings and current injections were per- 
formed using the switched current clamp mode of a single electrode current and vol- 
tage clamp amplifier (npi SEC 1 L, 12). NMDA (20 mM, dissolved in 150 mM sodium 
phosphate buffer, pH 8.0), Monosodium-I++-glutamate (Glu, 1 M, pH 8.0), and Quis- 
qualic acid (Quis+ 20 mM in sodium phosphate buffer, pH 8.0) were administered 
by iontophoresis from 4-barrelled micropipettes positioned in close proximity to the 
recording electrode. Iontophoretic currents were compensated for via a barrel con- 
taining 1 M NaCI and backing currents (5 10 nA) were employed to avoid sponta- 
neous leakage of substances. Each amino acid was applied repetitively in a fixed cycle 
and measurements were performed after a stable reproducible response was attained. 
The effects of the reduction in the extracellular Mg 2 ~-concentration  the re- 
sponses of cortical neurons to iontophoretically applied NMDA were investigated 
in 20 cells (resting membrane potential (Era): -79 .1+4.9  mV (mean +_ S.D.), input 
resistance (RN): 24.9+_8.3 M~Q, action potential amplitude: 104.1 +_6.3 mV). The cur- 
rent voltage curves of all neurons revealed a marked inward rectification i  a range 
between the Em and potentials lightly negative to the spike threshold. The ionto- 
phoretic application of N M DA (10-40 nA for 5--15 s) produced a slowly rising depo- 
larization accompanied by a considerable increase in RN (80-130%, Fig. 1, control). 
This RN increase was detectable ven during NMDA-induced depolarizations of 
small amplitude (5 +10 mV), and was always more pronounced than that measured 
during passive depolarization of the membrane, tn addition, NMDA-evoked repeti- 
tive fast depolarizing shifts (DS) which invariably triggered bursts of action poten- 
tials. Several minutes (4~7) after the replacement of the ACSF by a Mg2+-free sol- 
ution, a dramatic enhancement of the NMDA-induced depolarization was observed 
in all neurons tested (n = 15, Fig. 1, 0 mM Mg, 6 min). To avoid irreversible d polari- 
zations the NMDA dose had to be reduced (Fig. I, 0 mM Mg+ 28 min), and after 
approximately 30 min the iontophoretic current necessary to produce responses simi- 
lar to those observed under control conditions was found to be decreased by 60-90% 
(Fig. I, 0. mM Mg, 30 min). However, the NMDA-induced depolarization was still 
accompanied by an increase in RN (Fig. 1,0 mM Mg, 43 min) which was larger than 
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Fig. I. Actions of iontophoretically applied NMDA (4, 8, 15 nA for 10 s) on the membrane potentials 
and resistance of an intracellularly recorded neuron (Em at control: -g l  mV, dotted line) betk3re (control) 
and after the removal ofextracellular Mg 2+ (0 mM Mg 2+, 6 43 min). In this and the l\~llowing figures 
the upper trace represents the current monitor (adjusted to the exlracellular zero potential), the lower trace 
the recorded membrane potential. The resistance wa  determined by measuring the steady-state vohagc 
deviation due to a hyperpolarizing current pulse (0.5 nA for 150 ms at2.5 Hz). Note the slight depolariza- 
tion and the RN increase in the absence of Mg:+ and the hyperpolarization following the addition of Mg: 
to the ACSF (recovery, 27 min). Action potentials are cut off. 
that due to anomalous rectification. At the same time, Glu- and Quis-evoked epo- 
larizations remained unaltered (Sutor et al., in preparation). The potentiation of the 
NMDA response in the absence of Mg 2+ was associated with a small depolarization 
of the Em (3 8 mV), an increase in RN by 30~50%, and spotaneous DS. Following 
the addition of normal Mg2+-concentrations to the ACSF all the described effects 
reversed. This recovery occurred simultaneously with a long-lasting hyperpolariza- 
tion (3 6 mV for 15~,0 min, Fig. 1, recovery, 27 min). Increasing the extracellular 
MgX+-concentration to 5 mM resulted in a reversible diminution of the NMDA-  
induced depolarization ( = 6). The selective NMDA receptor antagonist D-2-amino- 
5-phosphonovaleric acid (D-2-APV), added to the ACSF at concentrations of 5 50 
#M, reversibly blocked the actions of NMDA,  both in the presence and absence of 
Mge + 
NMDA responses are antagonized by Mg 2+ at micromolar concentrations [1 I]. 
Therefore it may be that in our experiments he Mg2+-concentration was still suffi- 
ciently high to block NMDA-act ivated channels, even after prolonged perfusion 
(more than 60 min; see also refs, 4, 13, 14, 15) with Mge+-free solution using flow 
rates of 3 5 ml/min (chamber volume 0.8 ml). To test this possibility, slices were incu- 
bated in a Mg:+-free medium for 3-7 h prior to recording [4]. Due to the impurity 
of the analar grade salt compounds employed, this 'Mg2+-free ' solution contained 
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Fig. 2. Responses of a neuron to direct stimulation (A) and to iontophoretic application of NMDA (B, 
C) in the absence of Mg 2+ for 7 h. A: injections of depolarizing current pulses (150 ms) with increasing 
amplitudes (0.4, 0.5, 0.6 nA, left to right) evoked graded depolarizing voltage responses and an action 
potential respectively. Note the transient depolarizing potential occurring shortly after the onset of a cur- 
rent pulse with 0.5 nA (resting membrane potential: -79 mV). B: iontophoretically applied NMDA (57 
nA (left) and 81 nA (right) for 5 s) induced 6epolarizations accompanied by increases in RN. During 
NMDA (81 nA) the initial RN increase was followed by a net decrease. The vertical deflections during 
the potential recordings reflect spontaneous DS, typically generated by the neurons in the absence of 
Mg 2+. C: single RN measurements before (1), during (2), and after (3) the application of NMDA with 
57 nA for 5 s (same neuron as in B, the numbers indicate the corresponding recordings). The RN was 
determined at a frequency of 2.5 Hz using a hyperpolarizing current pulse (0.3 nA, 150 ms). Note the 
large (28 mV) spontaneous depolarizing shift, which triggered a doublet of action potentials (C3). 
Mg 2+ in concentrat ions of  5-8 aM,  as determined by atomic absorpt ion spectros- 
copy (see also ref. 9). Under  such condit ions,  stable intracel lular recordings were 
obtained from 5 neurons (Era, RN, and spike ampl i tude were not significantly differ- 
ent f rom the control  group, Fig. 2A). These neurons typical ly generated spontaneous 
repetit ive fast DS capable of  tr iggering spikes or bursts of  spikes (Fig. 2B and 2C3). 
At  low to medium doses (57 nA, Fig. 2El) iontophoret icalty appl ied NMDA evoked 
a depolar izat ion and an increase in RN by 80-100%. Using higher doses (Fig. 2B and 
A cont ro l  NMDA 72hA 5s  
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Fig. 3. Actions of iontophoretically applied amino acids on the membrane resistance of an intracellularly 
recorded neuron (Era: -80  mV, indicated by the dotted lines) in the absence of Mg 2+ (4 h). A: NMDA 
(72 nA, 5 s) depolarized the membrane potential by 14 mV (middle, 2 s after onset of application) and 
24 mV (right, 4 s after onset). Simultaneously, the resistance increased from 26 M~ (control, left) to 51 
Mg2 (middle) and decreased with further depolarization to 19 MQ (right). The calculated rectification ra- 
tios (RR) were 1.96 (depolarization by 14 mV) and 0.8 (depolarization by 24 mV) respectively. During 
passive depolarization of the membrane the resistance increased from 26 to 39 MQ, i.e. RR = 1.5. (Resis- 
tance measurement with inward current pulses (150 ms, 0.4 nA) applied at 2.5 Hz.) B: Glu (98 nA, 5 s) 
induced a depolarization by 15 mV (1.2 s after onset, middle) and 29 mV (4 s after onset, right) associated 
with a resistance increase from 26 Mg2 (control) to 34 Mg2 (depolarization by 15 mV, middle), followed 
by a decrease to 17 Mg2 (depolarization by 29 mV, right). RR = 1.3 (15 mV) and 0.7 (29 mV) respectively. 
C: Quis (35 hA, 5 s) evoked a membrane depolarization of 14 mV (0.9 s after onset, middle) and 25 mV 
(4 s after onset, right). No steady-state r sistance change could be detected after the membrane was depo- 
larized by 14 mV (i.e. RR-  1, middle). Further depolarization resulted in a resistance decrease (from 26 
M£2 (control) to 17 Mg2 (right), RR=0.7). 
Fig. 3) the init ia l  RN increase was fo l lowed by a net  decrease.  Fig. 3 demonst ra tes  
that  the RN increase dur ing  the in i t ia l  phase  o f  the NMDA- induced depo lar i za t ion  
was not  solely due  to the inward  rect i f icat ion present  in these neurons .  A t  compa-  
rab le  levels of  depo lar i za t ion  (Fig. 3, midd le  co lumn,  amino  ac id - induced depo lar i za -  
t ions  by 14-16 mV)  the vo l tage change produced by a hyperpo lar i z ing  cur rent  pulse 
was c lear ly  larger  dur ing  the NMDA response  than  dur ing  the depo lar i za t ions  
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evoked by G lu  or  Quis.  Fur thermore ,  the recti f icat ion rat io (i.e. RN dur ing  passive 
depo lar i za t ion /Ry  at rest ing potent ia l )  o f  this neuron  was found to be 1.5 dur ing pas- 
sive depo lar izat ion  by 15 mV, and 1.9 dur ing the NMDA-evoked  depolar izat ion.  
S imi lar  results were obta ined f rom all 5 neurons  tested. 
It seems unl ikely that the residual Mg2~ -concentrat ion  present in the 'Mg 2 ' - f ree" 
so lut ion is still effectively b lock ing gNMDA, since the NMDA- induced  depo lar izat ion  
was found to be strongly potent iated (Fig. I) and, in addi t ion,  the neurons  generated 
spontaneous  DS (7 10/min, Fig. 2), which were cons idered to be due to a release o f  
gNMDA f rom the Mg 2+- induced block [13, 15]. Therefore ,  the present results indicate 
that the vol tage dependence  o f  the gNMDA, which was taken to expla in the apparent  
membrane  resistance increase dur ing NMDA- induced  membrane  potent ia l  depolar i -  
zat ions o f  neocort ica l  neurons  in v i tro [3], is p robab ly  not  exclusively determined by 
a Mg 2 ~ - induced vo l tage-dependent  block o f  the NMDA-sens i t i ve  channel .  
This work  was suppor ted  by the SFB 220, A5, of  the Deutsche  Forschungsge-  
meinschaft  and by the BMFT.  
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